The MIT Faculty has made this article openly available. Please share how this access benefits you. Your story matters. ABSTRACT Much research has focused on trends in the Southern Hemispheric circulation in austral summer (December-February) in the troposphere and stratosphere, whereas changes in other seasons have received less attention. Here the seasonality and structure of observed changes in tropospheric and stratospheric winds, temperature, and ozone over the Southern Hemisphere are examined. It is found that statistically significant trends similar to those of the Antarctic summer season are also observed since 1979 in austral fall, particularly May, and are strongest over the Pacific sector of the hemisphere. Evidence is provided for a significant shift in the position of the jet in May over the Pacific, and it is shown that the strengthening and shifting of the jet has rendered the latitudinal distribution of upper-tropospheric zonal wind more bimodal. The Antarctic ozone hole has cooled the lower stratosphere and strengthened the polar vortex. While the mechanism and timing are not fully understood, the ozone hole has been identified as a key driver of the summer season tropospheric circulation changes in several previous observational and modeling studies. It is found here that significant ozone depletion and associated polar cooling also occur in the lowermost stratosphere and tropopause region through austral fall, with spatial patterns that are coincident with the observed changes in stratospheric circulation. It is also shown that radiatively driven temperature changes associated with the observed ozone depletion in May represent a substantial portion of the observed May cooling in the lowermost stratosphere, suggesting a potential for contribution to the circulation changes.
Introduction
Atmospheric circulation patterns play important roles in modulating Earth's climate. Evidence from a wide range of atmospheric observations shows that the Southern Hemispheric circulation has displayed substantial trends since the mid-twentieth century [see, e.g., the reviews by Russell and McGregor (2010) and Thompson et al. (2011) and references therein]. Most studies have focused on the Antarctic summer season, in which changes in the strength of the southern annular mode (SAM) since the 1980s have been linked mainly to the development of the Antarctic ozone hole using both observations and models (Thompson and Solomon 2002; Gillett and Thompson 2003; Son et al. 2009; Polvani et al. 2011 ), although there is evidence for a contribution from greenhouse gas changes as well (e.g., Fyfe et al. 1999; Kushner et al. 2001; Marshall et al. 2004; Arblaster and Meehl 2006; Lee and Feldstein 2013) . Changes in other measures of the circulation, such as the strength or position of the westerly jet and the width of the Hadley cell, are well documented in austral summer (Son et al. 2009 ; Thompson et al. 2011; Thomas et al. 2015) . Marshall (2007) noted that a strong positive trend in the SAM also occurred in austral fall and argued that the fall trend was even stronger than the more widely studied summer SAM trend. Furthermore, Schneider et al. (2015) found that the westerly wind trends at 850 hPa were 3 times stronger over the Pacific on an annual basis and in autumn compared to the zonal-mean wind trends, suggesting that the SAM, which shows less zonal variability, does not capture the strongest changes in the Southern Hemispheric circulation. A number of modeling studies have also presented evidence for long-term changes in other seasons, including austral fall (Kushner et al. 2001; McLandress et al. 2011; Bracegirdle et al. 2014) . In analysis of the archive for phase 3 of the Coupled Model Intercomparison Project (CMIP3), Fogt et al. (2009) found a positive trend in the autumn SAM and noted that the magnitude of the trend was similar between models that did and did not include ozone depletion, suggesting that the autumn trends in the CMIP3 models were not driven by ozone. However, overall the modeled trends from CMIP3 were smaller than historical observations. Models in phase 5 of the Coupled Model Intercomparison Project (CMIP5) also showed a positive, although not statistically significant, trend in the autumn SAM, but analysis of single forcing simulations suggested contributions from greenhouse gases and ozone-depleting substances (IPCC 2013) . A more recent study by Swart et al. (2015) compared seasonal trends in the SAM and surface westerlies from observations to the CMIP5 model simulations and also found a positive trend in the austral fall SAM and jet strength but no trend in jet position. Last we note that, unlike for well-mixed radiative forcing agents, such as carbon dioxide, there are substantial differences between different ozone datasets prescribed in climate model simulations (Hassler et al. 2013) , and it cannot be assumed that the representation of ozone losses used in all models is accurate.
This study focuses on observed changes in the Antarctic circulation in austral fall, particularly the location of the westerly wind jet, as well as the vertical structure of related changes in zonal winds and temperature, and ozone as the possible driver. There are significant uncertainties as well as documented errors in available reanalyses in the Antarctic, particularly in the era before satellite coverage began (e.g., Bromwich et al. 2007; Bracegirdle and Marshall 2012) . Thus, we compare results from multiple reanalyses. In austral fall, the jet is predominately over the Pacific and we compare the changes in the zonal mean, representative of the SAM, to those over the Pacific, further clarifying shifts in the position of the jet in May. However, we find that the changes in austral fall circulation are not statistically significant in March and April and are predominantly driven by the observed changes in May.
While there is strong evidence not only for stratospheric circulation changes but also for stratospherictropospheric coupling in January, the dynamical mechanisms and timing of the latter are not understood (Gerber et al. 2012) . While the tropospheric response in austral summer lags the stratospheric response by 1-2 months (Previdi and Polvani 2014) , theory to date has not yet fully explained the mechanisms for the onset of January coupling or its cessation in February, March, and April (Kushner and Polvani 2006 ). Here we do not attempt a comprehensive theory to explain these longstanding mysteries or the timing of the trends documented here in May. Rather we aim to document observations that may help to provide clues as to potential mechanisms. We show how the distributions of winds versus latitude in May are affected by both the subtropical and polar eddy-driven jets, resulting in a bimodal spatial structure that complicates the analysis at some pressure levels. Last, we find that historical changes in Antarctic ozone in May are significant, particularly in the lowermost stratosphere close to the tropopause. We show that this depletion leads to a contribution to cooling of lower-stratospheric temperatures, which can be expected to cause changes in the stratospheric circulation.
Methods

a. Data
Three reanalysis datasets, along with direct satellite measurements, were used to evaluate changes in Southern Hemispheric climate since the satellite era began in 1979. Evaluating multiple data sources provides an estimate of possible observational uncertainty and improves confidence in results that are statistically significant in all of the datasets. The historical differences in zonal wind and temperature are from monthlymean reanalyses data from the European Centre for Medium-Range Weather Forecasts (ECMWF) interim reanalysis (ERA-Interim; Dee et al. 2011) , the ModernEra Retrospective Analysis for Research and Applications (MERRA; Rienecker et al. 2011) , and the National Centers for Environmental PredictionNational Center for Atmospheric Research (NCEP-NCAR) reanalysis (Kalnay et al. 1996) . For the analysis of jet latitude position, daily data were also used. Additional lower-stratospheric temperature data are from the National Oceanic and Atmospheric Administration (NOAA) Center for Satellite Applications and Research (STAR) Microwave Sounding Unit (MSU; Zou et al. 2009 ), which samples the lower stratosphere. Vertically resolved ozone mixing ratio data are from the World Ozone and Ultraviolet Radiation Data Centre (WOUDC; www.woudc.org) archive for the ozonesonde station at Syowa, Antarctica (698S, 408E), and from NOAA (www.esrl.noaa.gov/gmd/obop/spo/) for the ozonesonde station at South Pole, Antarctica (908S). Total column ozone measurements are from the National Aeronautics and Space Administration's Total Ozone Mapping Spectrometer and Ozone Monitoring Instrument (TOMS/OMI, version 8; ozoneaq.gsfc.nasa. gov).
b. PORT simulations
The radiatively adjusted temperature changes attributable to the observed changes in ozone were estimated using the Parallel Offline Radiative Transfer (PORT) model (Conley et al. 2013) . PORT utilizes the radiation code from NCAR's Community Atmosphere Model, version 4 (CAM4; Gent et al. 2011) , and calculates the changes in radiatively adjusted temperatures in a seasonally evolving fixed dynamical heating calculation above a defined masked level (typically defined as the tropopause, but here set to 500 hPa to allow the temperatures to adjust into the upper troposphere); the methodology is similar to that in Ivy et al. (2016) . For the PORT calculation, a full three-dimensional ozone climatology was used to prescribe a predepletion background distribution. The background was based on the ensemble mean of four historical simulations from 1979 to 1985 using the Whole Atmosphere Community Climate Model (WACCM), version 3, as described in Garcia et al. (2007) . To represent the ozone depletion at Syowa, the observed historical differences, taken as the differences between the later period (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) and an earlier period , in vertically resolved ozone from Syowa were added to the 1979-85 background WACCM climatology and applied at all longitudes and latitudes from 608S to the pole. The concentrations of well-mixed greenhouse gases were fixed at their 1979 values.
c. Analysis
The measure of long-term changes in Southern Hemispheric climate and circulation was taken as the difference between an early historical period and a later historical period (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) for the reanalyses. Because of limited ozone data availability (especially prior to the mid-1980s) the periods 1970-82 and 1962-94 were used for the early historical periods in ozone data at Syowa and South Pole, respectively, whereas the later historical period for both was 1995-2010, as in the reanalysis. For the long-term changes in monthly-mean data, statistical significance was determined at the 95% level by a one-tailed Student's t statistic (as in Santer et al. 2000) ; the results were robust when a 1-yr lag autocorrelation was also taken into account. Increasing well-mixed greenhouse gases and ozone depletion both affect stratospheric temperatures and are expected to produce a poleward shift of the jet (Thompson et al. 2011) , motivating the usage of a onesided t test.
Sudden stratospheric warmings have the potential to influence stratospheric ozone through warmer temperatures, resulting in less heterogeneous ozone depletion and increased downward transport of ozone-rich air (e.g., Siegmund et al. 2005) . In late September 2002, the Antarctic underwent its first recorded major sudden stratospheric warming event (Baldwin et al. 2003) . Hence, the 12-month period following the onset of this major sudden stratospheric warming (from September 2002 to August 2003) was removed in this analysis.
The jet position was evaluated using daily reanalysis data. From the reanalysis data, a cubic spline was fit to the zonally averaged zonal winds at a chosen pressure level, and the position of the jet was identified as the latitude at which the cubic spline interpolant reached an absolute maximum. However in austral fall, the subtropical jet in the upper troposphere begins to develop over the Indian Ocean, Australia, and the Pacific Ocean (Bals-Elsholz et al. 2001; Williams et al. 2007 ). Therefore, we also evaluated the jet position over the Pacific (708-1608W) and compare the results with the jet position estimated from zonal-mean zonal winds. Figure 1 shows the seasonal differences in midlatitude (508-708S) zonal winds over the past 30 years averaged over the zonal-mean and Pacific sector (708-1608W) from ERA-Interim, MERRA, and NCEP-NCAR reanalysis. As has been widely noted, there is a significant strengthening of the polar jet in December and January that extends from the lower stratosphere throughout the depth of the troposphere. However, an additional significant increase in the midlatitude zonal winds is also apparent in May in all three reanalysis datasets (albeit with some differences in magnitude); February and March do not display wind changes like those of January and May. Furthermore, the increase in May zonal wind is stronger when averaged over the Pacific sector of the Southern Hemisphere, as noted in Fogt et al. (2009) and seen in Fig. 1 (bottom) . The anomalous winds in May over the Pacific extend from the surface into the lower stratosphere, mirroring the behavior seen in January, but have not been previously highlighted. We note that January and May are the only months where a statistically significant change in the midlatitude winds is observed in both the stratosphere and troposphere. 
Results
a. Observed trends
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and NCEP-NCAR reanalysis). The strengthening of the zonal mean and Pacific sector midlatitude zonal winds is associated with a poleward shift of the jet in December (not shown) and January. In the zonal mean there is no clear shift of the polar jet in May. However, over the Pacific sector the jet is found more frequently over the midlatitudes (458-708S) during the ozone hole era than over the subtropics in the early period (44% compared to 21% of the time at 500 hPa, respectively), suggesting the emergence of a stronger bimodal spatial character in the May zonal wind distribution over the Pacific in the last decade. The shift to a more bimodal distribution of the jet over the Pacific sector in May is also observed in the strength of the jet. Figure 3 presents the latitudinal distributions of the monthly-mean zonal-mean and Pacific sector zonal winds for January and May from ERA-Interim at 150, 300, and 500 hPa. The tropospheric and lowerstratospheric polar jets have strengthened and shifted poleward in January over the last three decades. The zonal winds have also strengthened over the midlatitudes in May, particularly over the Pacific sector peaking at 468S and a speed of 14.6 6 3.3 m s 21 in the early period compared to 558S at a speed of 16.2 6 4.8 m s 21 in the later period. These results also suggest that the zonal wind distribution has developed a distinct bimodal spatial character in May over the last decade.
b. Possible role of ozone Figure 4 shows observed differences between the early and late periods in the latitude/longitude structure of total column ozone from TOMS, lower-stratospheric temperatures from MSU, and geopotential height at 150 hPa and zonal winds at 300 hPa from ERA-Interim (Fig. S2 in the supplemental material shows analogous differences for all of the reanalyses). In May, total column ozone has declined in the Southern Hemisphere over the past 30 years, and the region of strongest depletion over the midlatitudes peaks over the Pacific, coinciding with the strongest trends in zonal winds. Corresponding decreases in lower-stratospheric temperatures are also observed in the regions of ozone depletion. Furthermore, there are circulation changes in May over the Pacific, as seen in the differences in geopotential heights in the lower stratosphere, resembling a wave-3 pattern, and increased zonal winds in the upper troposphere. The observed differences in January (Fig. 4) ) at 300 hPa from ERA-Interim. Hatching denotes differences that are statistically significant at the 95% level.
lower-stratospheric temperatures and changes in the circulation, although they are more zonally symmetric.
The seasonal observed differences between the early and late periods in vertically resolved Antarctic ozone and temperature are shown in Fig. 5 . While the strongest ozone depletion is observed in October, the ozone losses persist into January through May near the tropopause. As seen in the differences in total column ozone, the ozone losses in January and May are weaker over the pole and stronger near 608S, as also seen in the ozone differences at Syowa compared to the South Pole. There is an associated cooling throughout the lower stratosphere year-round, as seen in Fig. 5 (right) . Figure 6 shows the radiative temperature changes due to the observed ozone depletion at Syowa as estimated from PORT in January and May. The decreases in May ozone near the tropopause are comparable to those observed in January at Syowa. Moreover, the observed ozone changes lead to a radiative cooling, with a peak in the lowermost stratosphere of 0.8-1 K in both January and May. This radiatively driven cooling due to the observed ozone depletion extends throughout the lowermost stratosphere and into the uppermost troposphere (see also Grise et al. 2009 ). The observed temperature differences show a peak cooling of 1.7 K at 170 hPa in January and 1.0 K at 120 hPa in May. Based on our radiative calculations, approximately 60%-80% of the observed cooling can be attributed to the decline in ozone in both January and May. Hence the radiative impacts of stratospheric ozone depletion likely play a substantial role in the observed changes in the atmospheric circulation during May.
Conclusions
In this study, we have shown a statistically significant strengthening of observed midlatitude zonal winds in May throughout the depth of the troposphere and lower stratosphere that is similar to the trends in austral summer. The strengthening of the May zonal winds is strongest over the Pacific sector of the hemisphere and coincides with a poleward shift of the extratropical jet. The poleward shift of the jet in May is qualitatively similar to that observed in December and January but the May change is notably different in that the trends in May lead to a bimodal spatial structure in the zonalmean flow.
The Antarctic ozone hole is believed to be the primary driver of the December and January cooling over the polar cap, which (through thermal wind balance) has strengthened the stratospheric jet and (through mechanisms not fully understood) has led to a poleward shift of the tropospheric jet. Our work provides new information on how ozone has also decreased in the lowermost stratosphere and tropopause region in May, and shows that there is an associated radiatively driven cooling that can be expected to cause changes in circulation in this season. Indeed, much of the observed cooling in the lower stratosphere can be attributed to radiative temperature changes associated with the observed ozone depletion in both January and May. Since the radiative cooling due to ozone extends into the uppermost troposphere (Grise et al. 2009) , it is plausible that the stratospheric ozone anomalies induce a radiative cooling extending into the upper troposphere, and thus perturbing tropospheric dynamics and contributing to the zonal wind response in the troposphere.
Ozone depletion is also observed in late austral summer and early fall (February-April; not shown), but statistically significant changes in the circulation are not observed at this time. Future research is needed to understand why ozone depletion seemingly projects onto the tropospheric circulation in certain months but not in others. Based on simplified general circulation model FIG. 5 . Seasonal differences between the early (1970 ( -82 for Syowa, 1962 for the South Pole, and 1979-85 for ERA-Interim) and late period (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) in ozone at Syowa (698S) and the South Pole (908S) and polar cap-averaged (608-908S) temperature from ERAInterim. Hatching denotes differences that are statistically significant at the 95% level.
simulations, Kushner and Polvani (2004) concluded that the interactions between tropospheric eddies and the mean state of the stratosphere were important for stratospheric-tropospheric coupling, while Gerber and Polvani (2009) noted the importance of planetary waves. A later study by Kushner and Polvani (2006) found in model simulations that the imposed seasonal cycle might be important in determining the onset of the tropospheric response time to an imposed stratospheric cooling, but does not explain its cessation. Thus, the mechanisms for stratospheric-tropospheric coupling and its seasonality are still an active area of research. Nevertheless, dynamical feedbacks are likely important in both January and May, particularly insofar as tropospheric responses are concerned (Kushner and Polvani 2004; Shaw et al. 2011) .
Previous studies have analyzed seasonal trends in the SAM, while our results show the austral fall trends are strongest in May and over the Pacific region. Swart et al. (2015) found a seasonal (March-May) increasing trend in the SAM and jet speed but not the jet position. However Swart et al. (2015) assumed a spatially unimodal surface westerly jet. Zheng et al. (2015) noted a strong interseasonal relationship between the austral summer and fall SAM and proposed that the shifting of the surface westerlies associated with a positive summer SAM creates a dipole of SSTs over the Southern Ocean, which provides a seasonal memory into the fall. However, the imposed SST forcings in their Community Atmosphere Model, version 5 (CAM5), simulations that were necessary to produce a realistic meridional circulation response were larger than observations. Schneider et al. (2015) also observed a strengthening of the zonal winds in austral fall in the zonal mean and over the Pacific. However, we note that our findings suggest that the observed fall seasonal averaged trends are mainly driven by trends in May. Furthermore, their CAM4 simulations with time-varying SSTs and ozone depletion, as specified from Stratosphere-Troposphere Processes and their Role in Climate (SPARC) and a historical WACCM simulation, also showed a change in the austral fall circulation. Schneider et al. (2015) concluded that the tropical SSTs were the main drivers via teleconnections of the autumn trends, based on the ensemble mean of all of the CAM4 simulations with ozone depletion not showing a strong forced response. However, unlike the sonde data shown here, the ozone depletion in the SPARC dataset shows negligible trends in the fall (Ivy et al. 2016 ) and thus would not be expected to show a forced response.
The observed historical changes in geopotential height in May resemble a wave-3 pattern (Fig. 4) and in particular show a decrease over the Amundsen Sea. Turner et al. (2009) found a strengthening of the Amundsen Sea low (ASL), and based on model simulations suggested it was driven by stratospheric ozone depletion. Furthermore, their atmospheric general circulation model simulations with stratospheric ozone depletion reveal midtropospheric circulation differences similar to the historical differences observed in May presented in this study. A later study by Turner et al. (2013) noted that the deepening of the ASL attributable to ozone depletion was unique to May, and that the ASL is influenced by both high-latitude and tropical forcings in March, whereas the ASL trend is weak in April. These results by Turner et al. (2009 Turner et al. ( , 2013 suggest a role for stratospheric ozone depletion in altering the Southern Hemispheric tropospheric circulation in May.
Our analysis suggests that changes in atmospheric composition and temperatures may also contribute to the fall Southern Hemispheric circulation changes and are a significant driver of long-term temperature trends near the tropopause. The specific dynamical processes FIG. 6 . Differences between the early (1970-82 for ozone at Syowa and 1979-85 for ERA-Interim temperature) and late period (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) for ozone from the WOUDC station Syowa (698S), and polar cap-averaged (608-908S) radiatively adjusted temperatures estimated from PORT, and observed temperatures from ERA-Interim in January and May.
that couple such stratospheric perturbations to the troposphere remain a subject of much research (e.g., Gerber et al. 2012) and are not addressed in this study. Even in the summer months under large ozone forcing, it is evident that dynamical feedbacks are key to tropospheric circulation changes. The fact that tropospheric circulation changes occur in January and May but not in February and March, despite changes in ozone in all four months, attests to the importance of other processes, presumably dynamics related. Our work suggests that Antarctic ozone losses merit attention in the analysis and interpretation of recent Southern Hemisphere climate change not just in summer, but also in austral fall.
